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Seeing Order and Disorder in the Behaving Brain
Ann Kennedy 1, * 1 Caltech, Pasadena, CA, USA *Correspondence: kennedya@caltech.edu https://doi.org/10. 1016/j.neuron.2018.10.040 The medial prefrontal cortex (mPFC) is important for control of social behavior and is commonly studied in disorders of social dysfunction. Here, Liang et al. (2018) perform calcium imaging in the mPFC of freely behaving mice, elucidating the complex dynamics of mPFC neurons during social behavior and changes in activity after pharmacological disruption.
Social interactions constitute a large fraction of the sensory experience of many organisms. Social behaviors such as mating, territorial defense, and rearing of young are critical to the reproductive success of a species, and the brain circuits that govern them are heavily evolutionarily conserved (Chen and Hong, 2018) . For species such as mice that normally live in social groups, isolation from members of one's species can cause profound stress and bodywide changes in neuropeptide levels (Zelikowsky et al., 2018) .
In addition to sensory regions and subcortical structures, the medial prefrontal cortex (mPFC) is known to play a role in social behavior (Kim et al., 2015) . Several studies have investigated mPFC activity in mouse models of social dysfunction and found that perturbations of mPFC function lead to impairments in social behavior (Yizhar et al., 2011) . But due to the technical challenge of recording from the brains of behaving animals, it has historically been difficult to directly study the neural correlates of social cues and behaviors in mice, or to observe the effects of experimental perturbations on neural activity.
In this issue of Neuron, Liang et al. (2018) overcame this challenge using their group's previously published miniScope (Barbera et al., 2016) , one of a growing number of lightweight devices for optically or electrophysiologically recording neural population activity in a behaving animal. Specifically, the authors imaged the fluorescence of calcium indicator GCaMP6f expressed in dorsal prelimbic cortex, using the CamKII promoter to target predominantly excitatory neurons. They collected imaging data from an impressive 18 animals during a threestage social interaction task, which they repeated across multiple days to test the stability of observed activity.
A second and less resolved challenge facing social neuroscience is one of experimental design and analysis. Social behavior can be viewed as an ongoing decision-making process, where the animal decides on a moment-to-moment basis how to interact with another mouse. Neural activity at a given moment might therefore reflect (1) the animal's own actions; (2) sensory cues from the other mouse, both stationary (olfactory or vomeronasal cues) and dynamic (perceptions of the other animal's actions); or (3) the unknown computation underlying the animal's choices of what behaviors to perform. All three of these options are out of the direct control of the experimenter, and at best are only partially observed.
To gain some control of this situation, the authors used a social behavior assay called ''Crawley's sociability and preference for social novelty test,'' consisting of three 10-min stages performed in an open arena with two wire mesh containers placed in opposite corners. Following a first stage of habituation to the arena, a male mouse is added to one mesh container; the imaged animal's preference for investigating the other male is taken to be a measure of its ''sociability.'' In the third stage of testing, a second male is added to the second mesh container, allowing experimenters to assess the animal's preference for interacting with this relatively less familiar conspecific, or its ''preference for social novelty.'' This approach allows some degree of experimenter control over social behavior-both by guaranteeing all social interactions are initiated by the imaged mouse, and by preventing escalation into other forms of social behavior, such as chasing or social grooming. But as can be seen in Liang et al. (2018) , the set of possible actions, and hence the set of neural/behavioral correlations to investigate, is still large.
To characterize the imaged animal's behavior, the authors manually annotated occurrences of five classes of action: ''direct exploration'' toward the other mice, an empty chamber, or in some tests toward a novel object; ''proximity exploration'' around, but not in contact with, one of the wire containers; ''irrelevant exploration'' of the walls of the arena, ''ambulation'' or walking; and ''self-directed'' activities, which included self-grooming and other periods of immobility away from the containers (Figure 1 ). They then examined imaged mPFC neurons for cells whose activity was correlated with one or more of these behaviors. Their findings showed a diverse range of cell responses, notably including neurons both excited (''ON'' cells) and inhibited (''OFF'' cells) by various types of interaction.
Interestingly, neurons within behaviorspecific ON/OFF ensembles showed highly stochastic recruitment across individual occurrences (''epochs'') of that behavior. This may reflect epoch-to-epoch variability in the imaged animal's precise actions or sensory input, or it could reflect a general coding strategy of mPFC neurons. Furthermore, neurons' recruitment into en-sembles was only modestly consistent across different stages of the experiment, although ensemble overlap between stages was still significantly higher than chance. For example, neurons activated by direct exploration (''Direct-ON'' cells) during the second stage of imaging showed a higher than chance likelihood of also being activated by direct exploration during the third stage, but the overlap between second and third stage ensembles was still surprisingly low-a little under 15%.
But importantly, despite epoch-toepoch variability in the recruitment of individual cells, the authors could still reliably decode an animal's behavior from neural population activity, within a given experimental stage. Addressing the coding scheme of mPFC neurons during social behavior, including the source of their variability and exactly what is being represented by their activity, will be an important challenge for future experimental investigation.
Finally, the authors repeated their imaging experiment in animals dosed with phencyclidine (PCP), a dissociative anesthetic closely related to ketamine. Both PCP and ketamine are NMDA receptor antagonists, although the binding time and potency of PCP is much higher than that of ketamine (Lodge and Mercier, 2015) . Serendipitously discovered in the 1950s, PCP's pronounced schizophrenia-like symptomology in humans led to its use in animal models of the disorder in the second half of the 20 th century, and to the development of the NMDA receptor hypo-function hypothesis of schizophrenia (Javitt and Zukin, 1991) . NMDA receptors are expressed at most excitatory synapses throughout the nervous system, making the effects of PCP difficult to localizealthough previous studies have described a specific effect of NMDA antagonists on mPFC activity (Homayoun and Moghaddam, 2007) . By analyzing recruitment of neurons into ON and OFF ensembles, the authors contribute a new perspective to the characterization of mPFC dysfunction under conditions of NMDA receptor hypofunction.
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